Members of the Navajo Nation, who possess a high prevalence of cardiometabolic disease, reside near hundreds of local abandoned uranium mines (AUM), which contribute uranium, arsenic and other metals to the soil, water and air. We recently reported that hypertension is associated with mine waste exposures in this population. Inflammation is a major player in the development of numerous vascular ailments. Our previous work establishing that specific transcriptional responses of cultured endothelial cells treated with human serum can reveal relative circulating inflammatory potential in a manner responsive to pollutant exposures, providing a model to assess responses associated with exposure to these waste materials in this population. To investigate a potential link between exposures to AUM and serum inflammatory potential in affected communities, primary human coronary artery endothelial cells were treated for 4 h with serum provided by Navajo study participants (n = 145). Endothelial transcriptional responses of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and chemokine ligand 2 (CCL2) were measured. These transcriptional responses were then linked to AUM exposure metrics, including surface area-weighted AUM proximity and estimated oral intake of metals. AUM proximity strongly predicted endothelial transcriptional responses to serum including CCL2, VCAM-1 and ICAM-1 (P o 0.0001 for each), whereas annual water intakes of arsenic and uranium did not, even after controlling for all major effect modifiers. Inflammatory potential associated with proximity to AUMs, but not oral intake of specific metals, additionally suggests a role for inhalation exposure as a contributor to cardiovascular disease.
INTRODUCTION
One of the richest uranium (U) ore deposits in the U.S., located in the Four Corners region of the Southwestern U.S., was actively mined on the Navajo Nation between the 1940s and 1980s. 1 Today, there are more than 500 abandoned uranium mines (AUM) and 4 abandoned mill sites that continue to pose a risk to these communities. 2 Uranium, arsenic (As), nickel (Ni), vanadium (V) and copper (Cu) are among the major contaminants still found in the soil, air and ground water 3 to which this population may be chronically exposed. 4 The impact of such exposures on cardiovascular health remains poorly researched.
American Indians, including Navajo, are known to have a high prevalence of chronic health conditions including cardiovascular disease, hypertension, diabetes and obesity. 5 As such, there is concern that this population may be vulnerable to added cardiovascular stressors including environmental contaminant exposure. We recently reported that uranium mining exposure was associated with hypertension in the Navajo population. 6 A handful of studies found links between arsenic exposure and circulating biomarkers of inflammation (e.g., intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), C-reactive protein (CRP)). 7, 8 However, assessment of single circulating factors (e.g., cytokines, etc.) may fail to capture the overall inflammatory and pathological influence that all circulating components transmit to the endothelium. Endothelial cells respond to cumulative circulating pro-and anti-inflammatory mediators in a manner that reveals the balance of inflammation, that is, inflammatory potential, which we define as the transcriptional responses of inflammatory markers from primary endothelial cells treated in vitro with serum derived from human subjects. 9 Endothelial cell expression of adhesion molecules and chemokines (e.g., chemokine (C-C motif) ligand, CCL2) is a principal activity in the pathogenesis of chronic atherosclerotic vascular disease. 10, 11 In humans, serum inflammatory potential, as determined by serum-stimulated responses of human primary coronary artery endothelial cells, has been linked directly to cardiovascular disease 12 as well as to inhalation exposures to diesel emissions. 13, 14 Furthermore, it has been reported that polyphenols (namely resveratrol), as a nutraceutical treatment, led to reduced serum inflammatory potential in healthy subjects, as compared with placebo. 15 Such studies are coherent with animal toxicological research showing that the inhalation of various toxicants, 1 including gases and particles, leads to inflammatory and antidilatory alterations in the serum composition. [16] [17] [18] In the present study, we assessed the inflammatory potential of serum from a population of Navajo community members living in varied proximity to AUMs. We hypothesized that serum inflammatory potential would be adversely influenced by exposures to AUMs in the Southeastern corner of the Navajo Nation as indicated by increased expression of ICAM-1, VCAM-1 and CCL2 from serum-treated endothelial cells.
MATERIALS AND METHODS

Study Population
Demographic data, water use and clinical data were obtained in partnership with the Diné Network for Environmental Health (DiNEH) Project 2 using surveys which were administered in interview fashion to a cohort of 1304 participants from 20 Chapters of the Navajo Nation between 2005 and 2010. Power calculations were based on primary end points; a volunteer subset of 145 subjects provided serum samples from 2010-2011. All blood samples were drawn by trained clinical staff, either in hospital settings or in mobile clinics provided by Indian Health Services, in morning to afternoon sessions upon subject arrival without restrictions on diet or activity. Height and weight were also measured during this time to determine body mass index (BMI). All participants provided informed consent, with oversight and approval from the University of New Mexico Human Research Review Committee and the Navajo Nation Human Research Review Board.
Geospatial data
The locations of the homes of the survey participants were determined by using a hand-held Global Positioning System instrument. The mean duration of residence was determined from survey responses. The locations and surface areas (in m 2 ) of the AUMs and mills within the study area were obtained from U.S. Army Corps of Engineers documentation compiled for the US Environmental Protection Agency.
Abandoned uranium mine proximity AUM proximity was calculated as the square root of the sum of the inverse distances of participant reported household geographical location to all AUM features (portals, prospects, rim strips, pits, vertical shafts or waste piles) in the study area, weighted by the surface area of each feature. The formula is noted below: part i denotes the geographical position of participant i. m j denotes the geographical position of abandoned mining site j. N is the number of abandoned mining sites used in this formula. area j is the area of mining site j in square meters. The formula for AUM for participant i is then:
where the weights {w j } are defined by: 3 A small subset of samples was analyzed at the Carlsbad Environmental Monitoring and Research Center or at Stanford University. Navajo Nation EPA provided public water quality data. The compiled information resulted in As measurements for 113 sources (15 public water sources and 98 unregulated sources) with U measurements for 108 of those sources (16 public water sources and 92 unregulated sources). Unregulated sources without water quality information were excluded from the analyses. Public, regulated water system sources, store-purchased and bottled water without As or U measurements were assumed to be in compliance with Safe Drinking Water Act regulations for As (o10 μg/l) and U ( o30 μg/l) (USEPA 2013).
Annual cumulative consumption of As and U was estimated based on participant self-reported volume of water consumed and the metal concentration for each water source. Participants indicated how frequently they visited the source, the typical volume of hauled water and the percentage used for cooking or drinking. This information was used to calculate the annual volume of water each individual consumed from each water source. An individual annual intake of As or U (mg year − 1 ) from drinking water was then calculated using the associated As or U concentration for each source.
Once the cumulative annual intake of water As and U from water was determined for each participant, the continuous variable was translated to a binary variable, that is, low or high metal consumption based on a natural break in the data, at 1.4 mg year − 1 for both metals. This intake point resulted in all individuals who consumed only regulated water being classified as "low" intake for both metals.
Clinical Assessments
Clinical analyses were performed by a reference laboratory (LabCorp, Phoenix, AZ, USA). Total serum cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL), and triglycerides were measured by conventional clinical analytical methods. CRP was assessed quantitatively by latex immunoturbidimetry. Interleukin 6 (IL-6) was determined by MILLIPLEX ultrasensitive human magnetic bead set (Millipore Inc; Billerica, MA, USA) and multiplexing technology to obtain serum cytokine concentration measures. Magnetic bead detection was carried out on a MAGPIX machine and multiplexing platform capable of performing quantitative analysis of low concentration of protein markers (Luminex Corporation, Austin, TX, USA). Analytical values were determined by xPONENT 4.2 Software (Luminex Corporation) by standards provided in the assay kit. Glycated hemoglobin (HbA1c) was determined by the Roche Tina-quant assay.
Inflammatory Potential Assay and Transcriptional Responses
The inflammatory potential assay ( Figure 1 ) was conducted as previously described. 12, 15 Primary human coronary artery endothelial cells were purchased from Lonza (Allendale, NJ, USA), which isolated and authenticated the cells; cells tested negative for mycoplasma contamination. Briefly, human primary coronary artery endothelial cells were grown to confluence in complete media on a series of 24-well plates. For 24 h prior to serum treatment, the cells were serum-starved with basal media (Lonza). Confluent human primary coronary artery endothelial cells were then incubated with 10% serum (vol:vol) obtained from DiNEH volunteers (n = 145). The samples were incubated for 4 h at 37°C. Human CAECs were washed with PBS, lysed and cell lysates were immediately collected for RNA purification. Assays were performed in duplicate. Total RNA was isolated from samples using RNeasy Mini Prep Kits (Qiagen, Valencia, CA, USA). RNA was reverse transcribed using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Carlsbad, CA, USA). Quantitative determination of gene expression levels was performed on a 7900HT Figure 1 . Schematic of serum inflammatory potential assay. Primary human coronary artery endothelial cells were incubated with complete serum from study participants for 4 h, after which endothelial cell inflammatory responses were assessed by real time (RT)-qPCR for intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and chemokine ligand 2 (CCL2). Assays were performed in duplicate.
sequence detection system (Applied Biosystems) using TaqMan universal master mix (Applied Biosystems) according to manufacturer's recommended conditions for intercellular adhesion molecule-1 (ICAM-1; Hs00164932_m1), vascular cell adhesion molecule-1 (VCAM-1; Hs01003372_m1) and chemokine (C-C motif) ligand 2 (CCL2; Hs00234140_m1). TATA box-binding protein (TBP; Hs00427620_m1) was used as an endogenous reference gene (Applied Biosystems). Relative gene expression was analyzed by the 2 − ΔΔ C T method using a relative amount of mRNA for each sample normalized to TATA box-binding protein. 19 
Statistical Analysis
Descriptive statistics were reported as median and interquartile range (IQR) for continuous variables, unless otherwise indicated. Non-Gaussian distributions were normalized using a logarithmic transformation. Tests for linear associations between dependent and independent variables were conducted, first, as simple linear regression, then including multiple variables to ensure an independent effect. Pearson correlations were performed to assess the relationship of the endothelial mRNA transcriptional responses (ICAM-1, VCAM-1 and CCL2) to demographic (age, gender) and clinical risk factors (BMI, lipids, blood pressure, CRP, IL-6 and HbA1c) and exposure metrics (annual mean intake of As and U from water; AUM proximity).
Linear regression models were constructed for ICAM-1, VCAM-1 and CCL2. Each model used demographic (age, gender) and physiologic (BMI, HbA1c) variables, and exposure metrics (annual mean intake of As and U from water; AUM proximity) as predictors. Estimated annual intake of As and U from drinking water sources were binary variables as previously described. Reduced models were derived by model selection using the Akaike Information Criterion with stepwise selection; models were successively revised so as to reduce Akaike Information Criterion. A value of Po0.05 was considered statistically significant for models and their component variables. Statistical analyses were performed using R version 2.12.1 (The R Foundation for Statistical Computing, 2010, 64-bit) and GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).
Code Availability
The statistical code that supports the findings of this study are available upon reasonable request from the corresponding author and Navajo Nation Human Research Review Board following Navajo Nation Human Research Policy. The process can be accessed at http://www.nnhrrb.navajonsn.gov/index.htm.
Data Availability
The US EPA GIS data for AUMs can be accessed at https://yosemite.epa.gov/ r9/sfund/r9sfdocw.nsf/cf0bac722e32d408882574260073faed/8868aaa6f5752 fd688257dd3007e6e6f!OpenDocument. All Navajo-specific data are the property of Navajo Nation per Navajo Nation Human Research Policy. Access to the data must be requested through application to the Navajo Nation Human Research Review Board, which requires specific guidelines for research on the Navajo Nation. The Navajo Nation Human Research Review Board operates under a Federal-Wide Assurance Number as a recognized Institutional Review Board. The process can be accessed at http://www. nnhrrb.navajo-nsn.gov/index.htm.
RESULTS
Demographic and clinical characteristics of the DiNEH subset are shown in Table 1 . The mean age was 56 years (SD ± 14.8), and 38% of participants were female. Half of the participants exhibited a median BMI ≥ 30 kg/m 2 . Median total cholesterol and LDL were within recommended guidelines based on American Heart Association guidelines. 20 HDL cholesterol was somewhat low, and triglycerides were elevated. Median systolic blood pressure was pre-hypertensive, and median diastolic blood pressure was normal. 21 Median HbA1c was in the pre-diabetic range as defined by the American Diabetes Association. 22 Over 80% of this subset was either pre-diabetic or diabetic based on HbA1c. Figure 2a shows a heat map of the study area based on the surface area-weighted proximity to abandoned U mine and mill sites. The distribution of weighted AUM proximity scores (Figure 2b) shows that the majority of participants were living in regions of low AUM proximity (median 0.207; IQR 0.179 − 0.224; Figure 2a ). Median residential linear actual distance from AUM was 3.54 km (IQR 1.81-8.0) (Figure 2c ). The mean duration of residence in a current home for this cohort was 36.5 years (SD ± 23).
The Pearson correlation matrix (Table 2) showed that the surface area-weighted proximity to AUM was significantly correlated with all endothelial transcriptional inflammatory markers (Figure 3) . CCL2, ICAM-1 and VCAM-1 mRNA were lognormally distributed (Supplementary Figure 1) , positively and significantly correlated with each other (data not shown), which is consistent with their roles as inflammatory response mediators. CRP was negatively correlated with ICAM-1. Age, gender, BMI, HbA1c, lipids, and systolic or diastolic blood pressures were not correlated with any of the transcriptional responses.
Results of final reduced regression models for CCL2, ICAM-1 and VCAM-1 are shown in Table 3 . Although drinking water was also considered as an exposure route, multivariate regression models showed that only household proximity to AUM had a strong and independent influence on the overall serum inflammatory potential. The regression models based on the demographic, physiologic variables and exposure metrics explain~20 percent of the total variability for CCL2 (R 2 = 0.200), 17 percent for ICAM-1 (R 2 = 0.171) and 11 percent for VCAM-1 (R 2 = 0.107). Stepwise regression analysis removed all other variables (Age, gender, BMI, HbA1c and estimated annual water intakes of As and U) from the models except AUM proximity.
DISCUSSION
Weighted proximity of residence to AUMs was associated with the circulating inflammatory potential in Navajo community participants, as indicated by ex vivo serum-stimulated endothelial transcriptional responses of ICAM-1, VCAM-1 and CCL2. In a community with a high prevalence of health conditions associated with inflammation including diabetes, hypertension and obesity, the degree of association (adjusted R 2 ) between physical proximity to AUM and endothelial transcriptional responses representative of inflammation in multivariate models (0.107 for VCAM-1, 0.171 for ICAM-1 and 0.200 for CCL2) is striking. Furthermore, traditional known cardiovascular risk factors (e.g., BMI, lipids, CRP) were not associated with these transcriptional responses. Similarly, in prior work, we found that traditional risk factors (lipids, diabetes, smoking) also had a negligible influence on endothelial cell responses to serum derived from patients with a history of major cardiac events (myocardial infarction or angina). 12 In addition, this community has known exposures to As and U in drinking water; however, estimates of oral As or U intake were also not associated with these transcriptional responses. Thus, our data reveal a broader effect of mining waste exposure beyond water intake on what we believe to be a more sensitive and reliable metric of overall inflammation than single cytokines or acute phase protein measures. Considering that actual linear distances between residences and AUMs were less than 5 km for more than half (56%) of subjects, with the effect being largely on those individuals residing closer to AUMs, our data suggest that alternate exposure pathways or indirect health impacts are induced by the presence of the AUMs. Potentially, windblown dusts from unremediated surface mines may present a hazard of metal-rich, respirable particulate matter, which is a known driver of cardiovascular toxicity. [23] [24] [25] Although the bulk of material may be larger than 10 μm, and for any given windblown event, the amount/risk of exposure is low, but the smaller particles will travel further than larger particles, and considering the mean residence time of 30 years for these residents, we think it is a realistic concern that merits follow-up. Furthermore, windblown events and Aeolian transport of such contaminated dusts have been increasing, and climate change models predict this trend to continue in the foreseeable future. 26, 27 We assume that changes in circulatory inflammatory potential are, in the short term, temporary and reversible. 15 Factors that contribute to life-long risk of cardiovascular disease, such as smoking, poor diet, sedentary lifestyle, often are reversible in the short term, [28] [29] [30] but chronic unrelieved adverse behaviors and exposures will ultimately lead to vascular inflammation and promote irreversible remodeling. In developing this serum inflammatory potential assay, we have observed that whereas controlled diesel and/or nitrogen dioxide exposures in humans may acutely increase inflammatory potential, 12 sub-chronic treatment with a grape seed extract (principally resveratrol) could reduce the serum inflammatory potential, 14 suggesting that negative environmental factors could be offset and reversed. On the further assumption that our findings reflect a causal relationship between exposure and circulating inflammatory potential, relocation of residence or remediation of such sites could therefore allow for reversal of this potential cardiovascular stressor. Any vascular plaque development up to that intervention, however, would not likely reverse. Importantly, this is a population with a high degree of residential stability and strong cultural ties to location, with the average participant having a residence time of greater than 30 years, thus remediation strategies may be a more feasible avenue for reducing risk.
As previous studies with this approach have been conducting in studies with tightly controlled exposure/treatment conditions, 12, 14 the present study is, to our knowledge, the first use of endothelial cells as a biosensor for circulating inflammatory potential in a community setting. Limitations of this novel assay and, by extension, the study conclusions relate primarily to the lack of quantitative reference data, due to the responses of different Although quality control protocols are in place to ensure that cycle threshold values are within acceptable ranges for all studies, it would not be feasible to conduct head-to-head comparisons of the present data with previously published data, although within-study trends are certainly comparable in a broader sense. In addition, as this assay remains novel, pure risk estimates of cardiovascular disease are not available. Unlike CRP or IL-6, which have been characterized thoroughly in numerous large population studies, [31] [32] [33] such extensive association to cardiovascular disease outcomes in a large cohort has yet to be conducted for the present methodology. Study limitations related to the population have been previously addressed, 32 but include a potential for selfselection and the lack of a clear unexposed population, although this study of 145 participants reflects a broad continuum of exposure and includes participants from regions of the Navajo Nation with no mining history. Because the Navajo population has unique genetic and cultural characteristics, comparisons with populations much farther from the Navajo Nation region (and AUMs) would be challenging if not impossible to properly match. 34 Finally, endothelium subjected to chronic exposures may not respond in kind with naïve endothelial cells in culture, however, this does not detract from the observation that detectable differences exist in endothelial responses to serum from relatively unexposed versus exposed subjects. Serum represents not only the balance of inflammation but also adaptive responses 35, 36 by the endothelium to chronic exposures over time that often cooccur with chronic disease progression. Endothelial activation by serum serves as an important end point that shows potential for assessing cardiovascular health beyond traditional biomarkers and risk factors. More studies are needed to assess endothelial responses to serum from larger, chronically exposed populations with and without disease at different points in time. In addition, future studies should also examine anti-inflammatory markers as well as changes in endothelial expression and function that could occur with more chronic serum treatment times. Despite some limitations, we have applied a novel and unbiased approach to assess endothelial activation by cumulative circulating inflammatory components using serum from community members overburdened by chronic cardiovascular health conditions and legacy mining exposures. This study supports the emerging idea that changes in serum composition caused by chronic toxic exposures, and transmitted by circulatory signals to the endothelium, can promote vascular inflammatory responses. Further study is needed to confirm any causal link between the exposures and health outcomes. Abbreviations: AUM, abandoned uranium mine; BMI, body mass index; CCL2, chemokine (C-C motif ) ligand 2; HbA1c, glycated hemoglobin; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1. Results of reduced regression models are shown. Age, gender, BMI, HbA1c and water intake variables did not appear as predictors in any of the models after model selection.
